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Introduction

Microscrews are used for mechanical joints and motion controls
in microdevices. Stainless steel and titanium alloy, which are
difficult-to-cut materials, are used in medical and dental devices
because of their biocompatibility. Although, up to now, most
micro-elements have been manufactured by chemical etching and
energy beam processes, some manufacturing cost and production
rate issues remain. More effective and flexible processes are
required for the mass production of microparts. Micromechanical
processing, one of the alternative processes, has remarkably pro-
gressed with the development of microtools and motion controls.
Many studies of microscale cutting, forming, and injection molding
have recently been applied to manufacturing of microparts [1,2].

Thread whirling, which is a material removal process with tool
and workpiece rotations, has been applied to screw manufacturing
in many mechanical industries, since it was developed by the
Burgsmuller company in Germany. Worm and ball screws for
motion controls and bone screws for the implant parts [3], which
are made of hard materials, have been machined by whirling.
Having many advantages in terms of tool wear and chip control,
whirling has been widely applied in the bearing and the medical
industries. Mohan and Shunmugam presented a mathematical
model to control the cutting processes and determined the tool
profiles in whirling [4]. Lee et al. presented a model of the uncut
chip shape to estimate the cutting force from the maximum chip
thickness and the tool-work contact length. They divided the
uncut chip shape into the material removed by the front cutting
edge and that by the side cutting edge; and estimated the cutting
force by finite element (FE) analysis [5]. Song and Zuo proposed
a novel model based on the equivalent cutting volume and simu-
lated the chip formation in a FE commercial tool, AdvantEdge
[6]. Son et al. measured the cutting force components with a non-
contact rotating tool dynamometer and compared the measured
force with the simulations using the FE analysis tools, bEForRM and
ADAMS [7]. Guo et al. also analyzed the cutting tools’ processing
angle in whirling [8]. Although whirling is effective in threading,
the screws are generally machined on large diameter shafts.

This study applies whirling to cutting threads on thin wires for
micromechanical devices. The paper first presents an overview of
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Microthreading in Whirling

Whirling is applied to machining of microscrews on thin wires. A micro whirling machine
has been developed for this. In order to suppress the vibration of the workpiece, the wire
is inserted in polyurethane tubes clamped on a metal bar. Frequency analyses have been
conducted by loading impulse forces at the center of the wire. The dynamic response is
improved with reducing the vibration in the clamping force by the developed clamping
system. Thirty micrometers microgrooves have been machined on 0.3 mm diameter stain-
less steel wires with fine surface finish, with the developed machine tool.

[DOI: 10.1115/1.4030704]

whirling process along with its machining advantages. Based on
the whirling mechanism, a micro whirling machine tool has been
developed for machining microscrews on thin wires. Because the
stiffness and the damping of the thin wire are low, a clamping
device has also been developed to support the wire. Vibration tests
have been conducted to verify improvement of the dynamic
response of the workpiece with the clamping device.

Microscrews have been machined on 0.3 mm diameter titanium
alloy and stainless steel wires with fine surfaces, using the devel-
oped machine tool. A mechanistic model is described to obtain

Workpiece

Whirling

Fig. 1

Thread whirling
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the uncut chip thickness in terms of the cutting parameters. The
uncut chip thickness is discussed to validate its effect in the thread
whirling of thin wires.

Whirling

Whirling is applied to machine screws by a combination of tool
and workpiece rotations, as shown in Fig. 1. The cutting tools are
clamped on the whirling ring at the radius Rr; and the ring rotates
at the angular velocity wr. The workpiece with the radius Ry
rotates at the angular velocity wy in the whirling ring with the
eccentricity ¢, which controls the depth of cut. In whirling, the
workpiece rotating at a low revolution rate is cut by the cutting
edges rotating at a high revolution rate. The lead of the screw is
controlled by the inclination and the feed rate of the whirling ring
with respect to the workpiece axis.

In turning a small diameter workpiece, the cutting speed is con-
strained to be low by the maximum limit of spindle speed and, as
a consequence, the surface finish deteriorates. In whirling, the cut-
ting speed is controlled by the rotation radius Rt and revolution
rate o of the cutting tools on the whirling ring. Therefore, a fine
surface can be finished on a thin wire at a high cutting speed even
though the maximum spindle speed is limited.

Because the tool and the workpiece rotate with eccentric cen-
ters, cutting and noncutting regimes alternate in whirling. There-
fore, due to cooling during noncutting, the temperature rise of the
tool edge is not so high. The material removal volume is also con-
trolled to be small, as described later by the uncut chip thickness
calculation model. The cutting force, thus, becomes small in inter-
rupted cutting. Because the tool wear depends on the stress and the
temperature [9], the tool wear is suppressed. Therefore, difficult-to-
cut materials are machined with long tool lives in whirling.

Because interrupted cutting is performed in whirling, the chip
formation is intermittent and the formed chips are short.

Fig. 3 Tool mounted on whirling ring
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Therefore, a fine surface is finished without scratching of the chips
on the workpiece.

Micro whirling Machine Tool

Machine Tool Structure. Figure 2 shows the microwhirling
machine developed for threading on thin wires with diameters of less
than 1 mm. A workpiece is clamped by collets in two hollow motors.
One of the motors is mounted on two linear stages (X'~ and Y’'-axis)
for straightness adjustment of the workpiece clamping with respect
to the feed of the whirling ring. A motor rotates the tools on the
whirling ring. A rotation motor (A-axis) controls the inclination of
the whirling ring; and three linear stages (X-, Y-, and Z-axis) control
the cutting position and the feed of the whirling ring. The rotations
of the whirling ring and the workpiece are controlled simultaneously,
with the maximum spindle speed of the motors 4000 rpm.

The cutting tools are clamped on the whirling ring, as shown in
Fig. 3. Because the tool edge alignment has an influence on the
machining accuracy, the overhangs of the tools are adjusted with a
device shown in Fig. 4. The workpiece is clamped in the opposed
collets, as shown in Fig. 5(a). Workpiece vibration occurs because
the stiffness of the thin wire is low and cutting is interrupted in the
whirling process. In order to support the workpiece, two closely fit-
ting polyurethane tubes are slid over it, one to each side of the cut-
ting area. These are then clamped in a groove on a supporting metal
bar that protrudes through the whirling ring, as shown in Fig. 5(b).
This provides both high stiffness and damping for the workpiece.

Dynamic Response of Clamped Workpiece. Dynamic response
tests were conducted to verify the effectiveness of the support sys-
tem, as shown in Fig. 6. The displacement of the thin wire could
not be measured because the measuring area was small and with
rounded shape. Therefore, the amplitudes and the frequencies of
vibrations of the collet clamping forces were compared for three
different clamping conditions when an impulse force was gener-
ated at the center of the wire. A 0.49N dead weight was hung
from the wire by a thread. The impulse was generated by cutting
the thread by a burner flame. The resulting vibrations in clamping
force were measured with a piezoelectric dynamometer.

Figure 7 compares Y (axial) and Z (vertical) components of the
clamping force vibration, as designated in Fig. 6. Figure 7(a)

Fig. 4 Adjustment of edge alignment
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Fig. 7 Vibration in clamping force: (a) wire without supporting device, (b) wire clamped on
supporting device, and (c) wire clamped on supporting device with polyurethane tubes
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Fig. 8 Frequency analysis: (a) wire without supporting device, (b) wire clamped on supporting
device, and (c) wire clamped on supporting device with polyurethane tubes

shows a natural vibration without the support device. Large ampli-
tudes in Y and Z components are measured and the vibrations con-
tinue for a long time. Figure 7(b) shows the vibrations when the
supporting metal bar without polyurethane tubes restricts the
workpiece. The amplitude is restricted by contact with the groove
on the supporting bar. The vibrations last for around 1s. As may
be seen in Fig. 7(c), support with the polyurethane tubes is effec-
tive in controlling the vibration of the thin wire. A small ampli-
tude of the vibration and a high damping are measured. Figure 8
compares the frequency components of the vibrations. A large
component at 730 Hz appears in the natural vibration of the thin
wire, as shown in Fig. 8(a). The supporting bar reduces this and
shifts it to the higher frequency of 982 Hz, as shown in Fig. 8(b).
Figure 8(c) shows that supporting with the polyurethane tubes
mounted on the supporting bar eliminates any prominent

components. According to the model tests, the developed support
system works well.

Uncut Chip Thickness Analysis

In order to support the choice of the cutting parameters in the
cutting tests, the uncut chip thickness in the whirling process is
considered here. Song and Zuo presented a model to obtain the
uncut chip thickness in the general whirling process [6]. In line
with the cutting demonstrated later in this study, a model is
described for whirling without the inclination angle of the whirling
ring here. In the model, only the locus of the cutting point at the
center of the cutting edge is discussed. Tool geometry is ignored.

Tool Edge Motion. The workpiece rotates at the angular veloc-
ity ww in the actual cutting, as shown in Fig. 9(a). In the model,

Workpiece
(b)

Fig.9 Whirling process: (a) actual cutting in whirling and (b) analytical model of whirling
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meanwhile, the workpiece does not rotate. Instead, the center of
tool rotation O rotates around the workpiece at the radius ¢ at the
angular velocity wy in the opposite direction to the tool rotating
direction, as shown in Fig. 9(b). X-Y-Z is the reference coordinate
system of the workpiece, where the origin Ow of X-Y-Z is the
center of workpiece. X'~Y'=Z' is the coordinate system of the tool
rotating around Oy and moving along the workpiece axis, Z.
Then, the tool rotates at the angular velocity wr in the coordinate
system X'-Y'-Z'.

The coordinates (X', y', and z’) of a point P on an edge change
with the cutting time #

X Rt coswrt + ¢
Y| = | Rrsinort+ ¢ )
z 0

where ¢ is the angular position of the cutting edge. For example,
when four edges are mounted on the whirling ring, the angles are
0, m/2, m, and 37/2, respectively. wr is negative because the rotat-
ing direction is clockwise in Fig. 9. Because the origin Ot of
X'-Y'-Z' rotates around the center of the workpiece Ow at the
radius ¢ at the counterclockwise angular velocity ww and moves
along the Z-axis at the feed rate f, the point P on the edge in
X-Y-Z is transformed as

X coswwt —sinowt 0] [xX —&COS w!
y| = |sinowt cosowt 0| |y |+ | —esinowt | (2)
z 0 0 1|7 ft

The material is removed when the rotation radius of P in
X-Y—Z is less than the workpiece radius Ry

Va2 +y? <R 3)

Therefore, the cutting area is determined by Eqgs. (2) and (3).

Uncut Chip Thickness

Figure 10 shows the cutting area divided into regions A-B and
B—C. In region A-B, the uncut chip thickness is given by the cut-
ting position P and a point Q; on the workpiece surface. In region
B-C, the uncut chip thickness is given by P and a point O, on the
locus of the previous edge at the prior angle 7. y is the difference
between the angular positions ¢. For example, when four edges

Fig. 10 Cutting area in whirling
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are mounted on the whirling ring, the angle 7y is 7/2. Because Q;
or O, is located on the extension line of OrP, the cutting thickness
is given by PQ, or PQ,. Q; or Q5 is given by

X coswwt —sinowt 0| [ Ecoswrt+ @
y| = | sinowt coswwt 0 Esinwrt + @
z 0 0 1 0
—&CoS Wwt
+ | —&sin owt )
s

where ¢ is the parameter that determines Q; or Q. When material
is removed, ¢ is larger than Rt. In region A-B, ¢ at O is deter-
mined by the following equation of the workpiece surface and
Eq. (4):

X Rw cos 0
y| = | Rwsin0 5)
z It

where 0 is the angle of Q; in the workpiece coordinate system
X-Y-Z.

In region B—C, the previous edge at the prior angle 7y is given at
atime of t — y/wy + At

X cosww (t—y/wr+At) —sinow(t—y/wr+At) 0
y| = |sinow(t—y/or+Ar) cosow(t—y/or+At) 0
z 0 0 1

[Rrcoswr(t—y/wr+At)+ ¢
X | Rysinor(t—y/or+Af)+ ¢
I 0

[ —ecosww (t—y/wr+At)

+ | —esinow (t—y/or+Af) (6)

flt—=y/or+A7)

where At is determined so that Q5 is on the extension of line OrP.
¢ at O, is determined to satisfy Eqs. (4) and (6). Because the feed
along Z-axis is very small in one revolution, it is ignored and ¢ is
determined in X-Y plane. The uncut chip thickness is given by the
following equation with the determined ¢:

ti1 =¢—Rr @)

Figure 11 shows the change in the uncut chip thickness in X-Y
plane when a screw is machined on a 0.3 mm diameter wire.
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Fig. 11 Uncut chip thickness
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Fig. 13 Machining examples: (a) example 1, (b) example 2, and (¢) example 3

Workpiece revolution speed is 0.5rpm and four cutting tools,
mounted on a whirling ring, rotate at 3000 rpm at a rotation radius
of 14 mm. The feed rate is 0.2 mm/min. The depth of cut is 30 um
with an eccentricity of 6.88 mm. Figure 12(a) shows a quarter of
the workpiece. At this scale, the cutting area is small. Figure 12(b)
shows the magnified figure. The cutting edge penetrates into the
workpiece at A; passes B at the maximum uncut chip thickness;
and exits from the workpiece at C. From A to B, the removed area
is between the workpiece surface and the locus of the tool. The
uncut chip thickness increases at a high rate of change over the
time (Fig. 11) from —0.04128 ms to —0.04125 ms. Then, from B
to C, the removed area is between the loci of the tool and the pre-
vious tool. The uncut chip thickness gradually decreases after
—0.04125 ms, as shown in Fig. 11. The analysis here is for cuts
other than the first cut. The uncut chip thickness is actually 30 yum
at the first engagement of an edge into the workpiece because
the uncut chip thickness is determined only by the area between

041001-6 / Vol. 3, DECEMBER 2015

Table1 Cutting parameters

Example 1 Example 2 Example 3
Workpiece Ti-6Al-4 V Stainless steel Stainless steel
Workpiece diameter 0.3 mm
Workpiece revolution 0.5rpm
Tool TiAIN coated

carbide tool

Tool wedge angle 60 deg
Tool rake angle Odeg
Number of tools 4 1 1
Tool rotation diameter 14 mm
Tool spindle speed 3000 rpm
Feed rate 0.2 mm/min 1.0 mm/min
Depth of cut 30 um 40 ym
Lubrication Dry
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Fig. 14 Surface profile: (a) profile and (b) three-dimensional image

the workpiece surface and the locus of the tool. After the second
engagement of the edge, the maximum uncut chip thickness
is no more than 0.02376 um. This is much smaller than the
depth of screw of 30 um. According to the research in microcut-
ting [10], chips form when the uncut chip thickness is more
than “minimum chip thickness.” Because the analyzed cutting
thickness, 0.02376 um, is much smaller than the minimum chip
thickness, material removal is expected to occur for only some
cuts of the edges. The analysis supports the choice of cutting
parameters for small cutting forces associated with the cutting
thicknesses.

Cutting Tests

Figure 13 shows examples of microthread whirling on titanium
alloy (Ti-6Al-4 V) and stainless steel wires, where the diameters
are 0.3mm. The threads were machined with single point tools
with a wedge angle of 60 deg. The tool material was TiAIN coated
carbide. Table 1 shows the cutting parameters that were used.
Figure 13(a), example 1 shows serration on the surface finish
within a screw cut by four edges. Although the alignment of the
four edges is controlled in the radial direction, as shown in Fig. 4,
there is alignment error in the axial direction. This induces the ser-
ration. Figure 13(b), example 2 shows a screw cut on stainless
steel wire by one edge. Figure 14(a) shows the surface profile
along the line designated in Fig. 14(b). The surface profile is
measured with a laser confocal microscope. Although burr forma-
tion at a height of 10 um is observed at the left side of the groove,
the depth of groove is as specified. It demonstrates the effective-
ness of the high stiffness of the workpiece support system. The
presented whirling also enables a high lead screw to be machined
at a feed rate of 2.0 mm/rev (1.0 mm/min), as shown in example 3
of Fig. 13(c).

Because the cutting speeds depend on the rotation diameters of
the tools on the whirling ring, surfaces are finished at high cut-
ting speeds. The cutting speeds of these examples are 132 m/min
at a tool rotation diameter of 14mm and a spindle speed of
3000 rpm. In turning, a spindle speed of 140,056 rpm would be
required to give same cutting speed for the 0.3 mm diameter
workpiece. The groove shapes in whirling are uniform without
adhesion of the chips. These examples prove that whirling is
effective in microthreading with the presented supporting device
of the workpiece.

Conclusions

Whirling has been applied to machining of microscrews on thin
wires. In the whirling cut, the workpiece and the tool rotate with
an eccentricity of their centers. Because the material is removed

Journal of Micro- and Nano-Manufacturing

in a small volume at a high cutting speed, the whirling has advan-
tages in surface finish, tool wear, and chip control compared to
turning.

A microwhirling machine tool has been developed for machin-
ing of the microgrooves on the thin wires with diameters of less
than 1 mm. In order to improve the stiffness and the damping of
the workpiece, the wire, which is clamped between collets, is also
supported on a metal bar by inserting it into a closely fitting poly-
urethane tube. Dynamic response tests have been conducted to
verity the effect of the supporting system. The amplitudes and the
frequencies of the vibrations of the collet clamping forces were
measured when impulse forces were loaded at the center of the
wire. They show the effectiveness of the supporting system in
suppressing the vibration.

A mechanistic model is applied to consider the small uncut
chip thickness. Microgrooves have been machined on 0.3 mm
diameter titanium alloy and stainless steel wires. Because a high
cutting speed can be maintained by the rotation radius of the tool,
the surface finish is improved without adhesion of the chips. In
the presented machining example, the uncut chip thickness is
much smaller than the depth of the groove. Because the uncut
chip thickness is associated with the cutting force, the specified
depth of groove is generated with a small cutting force, with a
high stiffness of workpiece holding system.
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